TiNNi and TiNCo cermets were fabricated by mechanical milling of TiN and Ni or Co powders, followed by pulsed current sintering. The microstructure of the TiNNi and TiNCo cermet samples prepared from the non-milled powder contained a large number of pores. However, these pores were eliminated from both the sintered samples through mechanical milling of the powders. Relative densities of over 98% were achieved. Mechanical milling also improved the three-point bending strength of the cermet samples. In this study, the samples sintered from the powders milled for 28.8 ks exhibited the maximum strength, i.e., the strength of TiNNi and TiNCo ceremets was 1.4 and 1.2 GPa, respectively. The fracture surface of the sample sintered from the non-milled powders was intergranular whereas that of the sample sintered from the milled powder was both intergranular and transgranular in nature.
Introduction
Titanium nitride (TiN) exhibits excellent properties such as high hardness, high chemical stability, and good thermal conductivity. 1) However, its application is limited to coating materials because it is difficult to consolidate TiN owing to its high melting point. Therefore, the efficacy of sintering TiN with pure metals used as binders, i.e., the efficacy of the fabrication of a cermet to consolidate TiN, has been examined. 27) However, in the case of liquid phase sintering, the wettability of TiN to metal binder is poor. In addition, the liberation of nitrogen gas from TiN at the sintering temperature hampers sintering; 3) thus, the TiNmetal cermet usually exhibits low relative density and low strength. Some researchers have carried out pressure-assisted sintering, however, a maximum relative density of 95% was achieved. 8) In the previous study, we have reported the fabrication of TiNFe cermet by mechanical milling of TiN and Fe powders, followed by pulsed current sintering (PCS). 9) In this fabrication process, TiN and Fe powders were mechanically bonded through a milling and consolidated into a bonded state by PCS. Therefore, a high relative density (up to 98%) and bending strength (approximately 1 GPa) have been achieved by the optimization of milling conditions. However, the use of Fe as a binder presents an inevitable problem, i.e. the occurrence of rust, which necessitates the use of other binders. Therefore, in this study, we fabricated TiNNi and TiNCo cermets, because they can avoid the rust problem. In addition, we investigated the effect of mechanical milling on the strength and fracture mode of cermets.
Experimental Procedure
In this study, a nominal composition of TiN23 vol% M (M = Co and Ni) was used. This composition was obtained from a previous study related to in TiNFe cermet, 9) because a cermet sample with this composition exhibited the maximum bending strength in the study. The source powders of TiN and Co or Ni were mechanically milled using planetary ball milling in Ar atmosphere. The milling duration varied from 0 to 57.6 ks. For milling, a 500 mL vessel made of chromium steel and cemented carbide milling media with a diameter of 5 mm were used. A ball to powder ratio of 0.07 was used. The rotation speed was set to 200 rpm, and the revolution speed was 2.17 times that of the rotation speed. The revolution direction was opposite to the rotation direction. After the source powders were milled, the obtained powder mixture was consolidated through PCS. The milled powder was then filled into a carbon die. The inner and outer diameters of this die were 30 and 50 mm, respectively. Subseuently, consolidation was carried out at 1473 K under vacuum for 180 ks. The consolidation pressure of 60 MPa was used. The mechanical properties of the sintered compacts were assessed by a three-point bending test with a span of 10 mm. For the bending test, the sintered compacts were sliced into rectangular samples with a width of 3.5 mm and a height of 3 mm. The density of the samples was measured by the Archimedes method, and the phases obtained from sintering were defined by X-ray diffraction (XRD). The sintering behavior of the milled powder was observed by thermogravimetry and differential thermal analysis (TG-DTA) at a heating rate of 0.33 K/s. Figure 1 shows the SEM images of the source powders and mechanically milled powder used in this study. TiN powder particles have an angular shape and their size varies widely from the order of a few sub-microns to 10 µm. Nickel powder particles have a rounded burry shape with particle size of approximately 5 µm. The morphology of Co powder exhibits agglomerated fine particles with size in the order of a few micrometers. After the source powders were mechanically milled, their morphology showed spherically shaped particles with sizes ranging from the order of a few submicrons to the order of a few micrometers.
Result and Discussion
The TG-DTA results of the TiNNi and a TiNCo powder mixture milled for 28.8 ks are shown in Fig. 2 . In both cases, significant endothermic peaks indicated by arrows are observed. These peaks are attributed to the melting of binder phase. However, the melting point of Ni (1728 K) and Co (1768 K) is higher than the observed melting temperature. In the case of a TiNNi quasi-binary system, 4) TiN and Ni undergo a quasi-eutectic reaction at 1626 K. Because the observed melting temperature is close to this temperature, the melting of the TiNNi milled powder is expected to be a quasi-eutectic reaction. The peak observed in the case of the TiNCo milled powder also appears to be melting by a quasieutectic reaction. A reduction of weight in both powder mixtures is due to the liberation of nitrogen gas from the TiN phase.
XRD results of the sintered sample after milling for various durations are shown in Fig. 3 . In both samples of TiNNi and TiNCo cermets, the peaks corresponding to the source powders are detected. Namely, the TiN According to a previous study, a Ni solid-solution is formed by a reaction with both N and Ti, which are obtained by the liberation of nitrogen gas from TiN. 24) In this reaction, the lattice constant of Ni increases; however, that of the TiN phase remains constant. The observed peak shift in this study can be explained on the basis of a similar phenomenon occurring in both TiNNi and TiNCo samples.
The SEM images of the TiNNi cermets prepared from the powders milled for various durations are shown in Fig. 4 . A large number of pores can be observed in the sample prepared from the non-milled powder. The Ni binder phase cannot infiltrate into the gaps of TiN powder, because of the poor wettability of TiN to the Ni phase. The microstructure of the samples prepared from the milled powders shows a significant difference from that of the samples shown in Fig. 3(a) . A fraction of the pores are eliminated by the mechanical milling of the powder. In the case of the powder milled for 14.4 ks, elongation of the binder phase is observed. This elongation is attributed to the fact that Ni phase is plastically deformed during the milling process. The elongated Ni phase is not observed when the milling time is further increased to 28.8 ks because the increased milling time leads to work-hardening of Ni, which causes the elongated Ni phase brakes into fine particles. In the case of the powder milled for 57.6 ks, a binder-less region is observed. This region is formed by the adhesion of the binder phase to the inner wall of the vial and the surface of the milling media, such that the actual fraction of the binder phase is smaller than the nominal fraction. Further, the microstructural evolution of the TiNCo cermet was similar to that of the Ni binder. That is, the use of milled powder in the sintered sample reduced the number of pores in the sample. However, prolonged milling led to a deficiency of binder phase. ) ; therefore, the bending strength and hardness in this case was smaller than that of the sample prepared from the powder milled for 28.8 ks. The excess milling of the source powder (57.6 ks) led to a decrease in the strength of the sample. In contrast, the hardness increased by the excess milling. These are due to a shortage of the binder phase.
The SEM images of a fractured surface of the samples are shown in Fig. 6 . Small pores are observed in all samples. These pores are produced by the liberation of nitrogen gas from the TiN phase. The fracture surface of the sample prepared from the non-milled powder was intergranular in nature. On the other hand, the fracture surface of the sample prepared from the milled powder was rather smooth; although the fracture surface mainly consisted of an intergranular fracture, some particles of a transgranular fracture were also present. The change in the fracture mode is due to an increase in the strength of the interface between TiN and the binder phase, caused by the mechanical milling of the elemental powders. However, the fracture surfaces were not significantly different between the TiNCo and TiNNi cermets, as well as in the samples prepared from the powders milled for 14.457.6 ks. A rough estimation of the fracture toughness was carried out using indentation fracture (IF) method. The K IC value shows a similar trend in the samples of TiNNi and TiNCo cermets. The estimated K IC value is minimum in the case of the sample prepared from the powder milled for 28.8 ks, and the K IC values of TiNNi and TiNCo cermets are 7.3 and 8.2 MPa m 0.5 , respectively. Other samples prepared from the powder milled for 14.4 and 57.6 ks showed higher K IC values than the samples prepared from the powder milled for 28.8 ks. This finding suggests that the intergranular fracture mode in these samples is more dominant than in the sample prepared from the powder milled for 28.8 ks. Figure 7 shows the change in the relative density of the samples as a function of the milling time of the elemental powders. As expected from the microstructural observation, the relative density of the sample sintered from the nonmilled powder is quite low. The use of the milled powder in sample preparation led to a rapid increase in the relative density of the sample. In the case of the TiNNi cermet, the relative density of the sample prepared from the powder milled for 14.4 ks was greater than 97%. A further increase in the milling duration of the powder led to a slight increase in the relative density of the sample; however, an increase in the milling duration to 57.8 ks led to a slight decrease in the relative density of the sample. The same trend was observed in the case of TiNCo cermet. The significant difference between the TiNNi and TiNCo cermets in this study was not observed. In this case, the bonding between TiN and metals (Ni or Co) was carried out using a mechanical milling technique. The applied energy by the milling is too large, thus the difference of the binder phase would be inconsequential to affect the trend of the change in characteristics.
The TiNNi and TiNCo cermets show the high relative density and bending strength, and these are realized by the combination of the mechanical milling of the TiN and metals (Ni or Co), and PCS method for a short period. Hence, this process is one of the effective procedures to fabrication of a composite material, which is difficult to consolidation by liquid phase sintering.
Conclusion
TiNNi and TiNCo cermets were successfully fabricated by mechanical milling of elemental powders of TiN and Ni or Co, followed by PCS method. The sintered cermets were composed of elemental powder phases only. Formation of other phases during the milling and sintering processes was not observed. However, the XRD results show a slight peak shift of the binder phase of Ni and Co to a lower angle is seen. This shift can be explained by the formation of the solid solution of the binder phase associated with the liberation of nitrogen gas from the TiN phase. The TiNNi and TiNCo cermet showed a bending strength of 1.4 and 1.2 GPa, respectively. Mechanical milling of the elemental powders is effective in improving the bending strength of cermets; however, in this study, prolonged milling led to a shortage of the binder phase, causing a decrease in the bending strength. An increase in the bending strength is due to a change in the fracture mode from an intergranular mode to a partial transgranular mode by mechanical milling of the elemental powders. 
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